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Abstract
This paper describes a fully automated function that analyzes a 5-axis toolpath and eliminates collisions going
around obstacles, with an approach method to smooth variations in tool-axis movement based on the introduction of a
viscous resistance that will slow down the return movement to the original position of the tool axis after the obstacle.
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1. Introduction
Historically, the prevention of gouging and collisions
has always been one of the major problems in 
Computer-Aided Manufacturing (CAM), and its
importance has increased with the rapid expansion of
complex freeform surface machining across the entire
metalworking industry, and especially in Mould Making
and Turbomachinery applications.
Fig. 1. Automotive mould
Past studies and similar CAM system 
implementations show that common actions in cases of 
detected collision are limited to:
Suggestions for alternative toolpaths
Information about the minimum tool length required
to finish the job
Identification of areas of the job that cannot be
reached by the tool, and which will need further 
machining or alternative processes to complete the
cycle
The originality of this study consists in the resolution 
of the collision by automatic generation of an alternative
toolpath, with a smoothing of the variations of the tool-
axis orientation.
In detail, Gouging happens when the local curvature
of the surface to be cut is smaller than the curvature of 
the radius of the cutting tip of the tool:
Fig. 2. Gouging example
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A Collision happens when another part of the Tool 
Assembly (the shank, the tool holder, or the head of the 
machine) crashes against the part to be machined: 
 
 
Fig. 3. Collision 
2. Avoiding Gouging 
If the method to position the tool on the surface 
adopted by the CAM software system is based only upon 
the local analysis of the surface equation, the system will 
not be able to detect or avoid the gouging. In this 
'classic' method, the tool position is obtained by 
calculating the Normal vector of the surface in the 
contact point, and then positioning the center of the tool 
tip at the distance R, moving along this vector: 
 
Fig. 4. Tool Positioning 
In this way, the system has no knowledge of the 
shape of the surface around the tool, and gouging cannot 
be prevented or even detected.  
Another limit of the 'classic' method of tool 
positioning is that often surfaces of CAD provenience 
are affected by micro-inversions of the local normal 
vector: 
 
Fig. 5. Local crease with inverted Normal 
These often invisible inversions can cause disastrous 
plunging of the tool inside the model surface, detectable 
only by a careful inspection of the toolpath. 
 
2.1. The Brute Force method 
The new generations of CAM systems solved the 
Gouging Problem by adding an auxiliary structure to the 
surface equations: the triangulated model, also known as 
STL model or simply the 'Polyhedron'. The triangulated 
model is obtained by a process called Surface 
Tessellation. Surfaces are approximated by a set of 
triangles: the higher the curvature of the surface, the 
more triangles are required to approximate the object 
shape within the specified tolerance: 
 
Fig. 6. Surface Tessellation 
To avoid the gouging, each point calculated with the 
'classic' method will be verified by trying to position the 
tool in the same point but using the Polyhedron instead 
of the theoretic surfaces. 
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Fig. 7. Triangles inside the shadow of the tool 
For each triangle of the model falling inside the 
'shadow' of the tool, the quote Z assumed by the tool 
when it stands on this triangle will be computed.  
 
Fig. 8. Tool positioning on a triangle 
The system 'remembers' the higher Z value obtained 
at each calculation, so at the end of the loop on the entire 
set of triangles, the final Z value is the maximum quote 
assumed by the tool while floating on that 'sea' of 
triangles. 
 
Fig. 9. Tool floating on triangles 
If the Z calculated on the triangles is equal to that 
calculated on the surface, the point is reachable and can 
be accepted; on the other hand, if the Z calculated on the 
triangles is greater, the point on the surface is 
unreachable and the Z on the triangles will be used. 
 
 
Fig. 10. The Brute Force Algorithm 
The introduction of the Polyhedron in the Toolpath 
calculation has been revolutionary in the panorama of 
the Flexible Automation, because it allowed the 
calculation of really safe toolpaths, eliminating the 
necessity of virtual simulation and 'air cut' tests, 
allowing unmanned machining of large and complex 
parts, a target unimaginable with the traditional systems 
based only on surface equations. 
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3. Avoiding Collisions 
If the problem of the Gougings can be considered 
resolved since 10-15 years ago, the Collision Avoidance 
on 5-axis toolpaths is a matter still in evolution, with 
many challenging aspects, both on the geometric and 
technological side. 
Many CAM systems offer a Collision Checking 
function to verify if an already-computed toolpath 
contains collisions of the tool holder against the part. But 
usually, if a collision is detected, there are no recovery 
actions, except perhaps the suggestion of a longer tool, 
to move the tool holder away from the part. 
This conflicts with the technologic necessity of 
keeping the tool as short as possible to avoid vibrations, 
inflections and to get the best quality of the surface.  
Another reason to have a good automatic Collision 
Avoidance function is that, to machine very challenging 
parts like BLISKs, sometime the rules for tool-axis 
direction that the CAM system makes available are not 
sufficient to guarantee both a collision-free toolpath and 
the complete machining of the part: 
 
 
Fig. 11. The Blisk 
From these considerations it is clear that the CAM 
system must be able to not only detect every kind of 
collision, but also to automatically modify the toolpath 
to still execute the machining while avoiding the 
collision. 
4. The Autotilt method 
A method to afford this task is to add one or more 
degrees of freedom to the tool axis, so when a collision 
is encountered, the tool can be tilted to move away from 
the 'obstacle' and continue its feeding movement. 
 
Fig. 12. Autotilt 
A fully automated function that analyzes a 5-axis 
toolpath and eliminates collisions going around obstacles 
is called Autotilt and is, at the moment, the more 
advanced method to calculate reliable and collision-free 
toolpaths. 
In those cases where tilting the tool is not sufficient 
to avoid collision, the system must issue a warning, and 
anyway the modified toolpath must float on the 
unreachable zone, to guarantee a completely safe NC 
code, in any case. 
To realize a 5-axis AutoTilt function, an 'Elastic 
model' is often used where the tool assembly can be 
imagined to tilt freely around its tip while still connected 
to a 'recall spring' that will force the tool axis to go back 
to its original position when the obstacle is no longer 
present. 
 
Fig. 13. Elastic model for Autotilt 
A limitation of this application is the risk of sharp 
changes in the direction of the Tool Axis, especially 
when the tool is forced to turn around an edge: 
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Figure 14: Sharp changes of direction 
These concentrated rotations of the tool axis can 
cause two orders of problems:  
 high dynamic solicitations of rotary axis of the 
machine tool 
 undesired 'marks' on the resulting surface, due to the 
concentrated rotation of the tool axis while its 
feeding speed is near to zero 
4.1. The viscous-elastic model 
The approach method to smooth the tool axis 
variation is to introduce a viscous resistance (oil damper) 
that will slow down the return movement to the original 
position of the tool axis after the obstacle: 
 
 
Figure 15: The Oil Damper 
The linear differential equation that rules the motion 
is: 
 
ʹ
ʹ  +   +   (1) 
 
That brings us to the well-known damped oscillations 
law of motion: 
 
Figure 16: Oil Damper Motion Law 
But if we decide that the mass of the tool assembly is 
zero, the equation will simplify (the term of second 
degree disappear) and the solution is an asymptotic 
curve without oscillations: 
 
ൌ    (2) 
 
Where C is the initial tilt of the tool axis respect to 
the original position (before the collision avoidance), k 
and r are respectively the elastic constant of the spring 
and the viscosity of the damper. 
The resulting motion is well expressed by the 
following diagram: 
 
Figure 17: No-mass Damper Motion Law 
This is equivalent to a model where the tool and the 
tool holder are submerged by a very viscous fluid during 
their feed motion. 
From the point of view of software implementation, 
this asymptotic curve can be fit by a NURBS curve of 
third degree, defined by the tangent vectors at the both 
extremities, and with only one flex within the arc: 
 
ൌ ൌͲǡǤǤǡ͵ ሺ ሻ    (4) 
 
Where: 
 
(t) =(͵) ሺͳ ሻ͵    (5) 
 
Actually this is a Bezier curve of third degree, treated 
more generally as a NURBS curve in the ESPRIT data 
base. Applying this law to the return trajectory of the 
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tool axis towards its rest position, we obtain the 
following result: 
 
Figure 18: Smoothed Autotilt Toolpath 
From the technologic point of view, that means that 
the tool assembly will keep its tilted position for more 
time than necessary after leaving the obstacle. This 
implies that each modified position of the tool must be 
verified against collisions, for example against another 
obstacle. 
At this point, the problem is that this method is very 
efficient at smoothing the return movement of the tool 
 the obstacle, but cannot avoid the sharp change of 
tool axis when the tool comes up against the obstacle, 
and must tilt to avoid the collision. 
A possible solution could be to introduce a 'look 
ahead' algorithm; but taking advantage of the fact that 
this Collision Avoidance function is operating offline, 
i.e. on a toolpath already completely calculated, the idea 
has been to read the toolpath , from the end 
to the beginning, and again apply the viscous model to 
the tool during its backwards movements: 
 
Figure 19: Symmetrically smoothed Toolpath  
Then the toolpath so modified will be rewritten in the 
right direction to the CL-File, with the effect that the 
tool axis will 'anticipate' the rotation around the 
obstacles, realizing the searched smooth movement, both 
approaching and leaving the obstacles. 
5. Conclusions 
Many cutting tests have been necessary to optimize 
the values of the Elastic and Viscous constants, and to 
verify the quality of the machined surfaces. Reducing 
the value of the ratio k/r produces a more smoothed 
toolpath, but introduces the risk of an additional 
collision against an eventual subsequent obstacle. 
These evaluations are possible only on a real 
machine tool because, in the actual state-of-the-art, a 
simulation system is not able to realistically represent 
the dynamic solicitations of the machine consequent to 
the rapid rotary axis motion, and the effects on the 
resulting surface quality.  
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